INTRODUCTION {#sec1-1}
============

Birth weight, one of the birth outcome components, is an international problem with important consequences for mortality, health development, incidence of acute and chronic diseases, and the economic output of individuals and societies.\[[@ref1]\] The prevalence of low birth weight (LBW) infants in developing countries is more than double than that of developed countries. Overall, 70% all LBW births occur in Asia.\[[@ref2]\] There are substantial researches that address the impact of maternal behavior on infant\'s health. Fetal growth and size are influenced by genes, parental body size, maternal nutrition, and the mother\'s metabolic and vascular competence during pregnancy. Documents show that the nutritional status of a woman before and during pregnancy is truly important for a healthy birth outcome.\[[@ref3]\] There are considerable evidences supporting the role of various macro- and micro-nutrients in determining pregnancy outcomes such as birth weight and maturity.\[[@ref4]\] Furthermore, studies presented that a number of biosocial factors such as maternal weight and smoking are strongly associated with poor birth outcomes.\[[@ref5]\] In addition, decreased physical activity of women was reported to be associated with LBWs.\[[@ref6]\] Women of low socioeconomic status are at increased risk for delivering LBW babies, where socioeconomic status is defined by income, occupation, and education.\[[@ref7]\]

Although studies on investigating nutritional, socioeconomical, and anthropometric risk factors associated with birth weight have been published extensively, none of which considered the true distribution of birth weight, methodologically. Using the routine statistical methods, assuming normally distribution medical responses could affect the accuracy of the medical inferences.\[[@ref8]\] There are some applied researches which investigated the deviation from normality assumption considering flexible (Bayesian) modeling using nonnormal distribution leading to more reliable results.\[[@ref9][@ref10][@ref11]\] Bayesian modeling not only utilizes prior information which in a medical setting is all around and is unbiased in small sample sizes but it also relaxes the normality assumption of the response variable.\[[@ref12]\] Bayesian modeling could manage uncertainty, which is part of the clinical medicine,\[[@ref13]\] better than other inferences, and the confidence intervals of the parameters are appropriately wide.\[[@ref14]\]

To our knowledge, these flexible methods have not yet been used for LBW analysis in the literature. Considering the fact that determining true risk factors affecting birth weight could prevent many of the adverse outcomes of LBW children in future, study aimed at investigating the risk factors associated with birth weight based on an updated statistical method using a prospective cohort study data from Iran.

MATERIALS AND METHODS {#sec1-2}
=====================

This population-based prospective cohort study was conducted on a group of 620 Iranian pregnant women aged 15--49 years whose delivery was in hospital. It was performed by compliance sampling from public health centers and private offices in Isfahan. Data collection tool was questionnaires completed through interviews with eligible mothers. Content validity of the questionnaire was confirmed by experts. The exclusion criteria were smoking and drug addiction, having digestive and metabolic diseases, hemoglobinopathies, eating disorders, allergies, mental diseases, and malignancy affecting pregnancy outcome. We then excluded women who reported pregestational or gestational diabetes, had an average daily energy intake \<500 or \>5000 kcal, or for whom most items in the questionnaires were missing or unknown. After these exclusions, 526 participants were available for analysis. Written informed consent was obtained from all participants. The study was approved by the Research Ethics Committee of Isfahan University of Medical Sciences, complying with the Declaration of Helsinki. Data were collected through face-to-face interview by qualified nurses using validated questionnaires in the local language. The general questionnaire covered demographic socioeconomic characteristics of pregnant women and medical history.

The anthropometric data were recorded for each participant. The measurements were made on the participants wearing a minimum amount of clothing. The weights of pregnant women were recorded at the early first trimester during their first visit and continued at every trimester using a digital weighing balance with a sensitivity of 100 g. The height was measured when the horizontal headpiece was lowered onto the women\'s head. Fundal height was measured by a midwife as the distance between the symphysis pubis and the highest point of the uterine fundus defined with a gentle pressure on a plain at a right angle of the abdominal wall. The following characteristics were also considered for the infants: comprised gestational age, weight at birth, and gender. Gestational weight gain was taken in relation to pregnancy birth weights of neonates within 24 h after birth using a standard procedure. A beam balance with an accuracy of 50 g was employed for weighing the infants. The infants were weighed with minimum clothing while the child was restful.

Nutrient intake was determined using a quantified single 24-hour dietary recall at the 11^th^--15^th^, 26^th^, and 34^th^--37^th^ weeks of gestation through interviews with pregnant women, prenatal and obstetric care-related records. Iron, folic acid, multivitamins, calcium, and omega-3 supplements administered for the participants by their caregivers (gynecologists and midwives) were also considered in the final analysis. Physical activity was considered as any physical movement due to skeletal muscles resulting in energy consumption. Physical activity data were collected using a standard pregnancy physical activity questionnaire consisted of four parts including physical activity at home, exercise, leisure activities, and workplace activity. The physical activities were assessed within 48 h at the 11^th^--15^th^, 26^th^, and 34^th^--37^th^ weeks of gestation. Physical activity was measured in metabolic equivalent of task-hours (MET-hours). MET-hours is a unit for estimating the metabolic cost or oxygen consumption of a particular physical activity, according to a standard questionnaire. Total amount of activity was calculated by summing up the activities in the three trimesters and was used for further analysis. Data obtained from the 48-hour dietary recalls were analyzed using NUTRITIONIST-IV software (N-Squared Computing, Salem, OR).

Statistical analysis {#sec2-1}
--------------------

In the present study, birth weight was considered as the dependent variable. The intake of macro- and micro-nutrients, supplement consumption during the pregnancy, demographic characteristics, socioeconomic characteristics, anthropometric measures, physical activity, and pregnancy outcomes were measured as independent variables. Results were reported as mean ± standard deviation (SD) for the quantitative variables and percentages for the categorical variables. The comparison between two LBW and normal was performed using the independent sample *t*-test for the continuous variables and Chi-square test for the categorical variables.

Flexible regression modeling was used to determine the effect of different independent variables on the birth weight as continuous response. Having fitted conventional model with the normality assumption, it was revealed by the diagnostic plots that the normality assumption resulted in unreliable results. The alternative flexible models were fitted on the data based on Student\'s *t*-test and Laplace distribution. The hierarchical Bayesian approach was used for the estimation of the posterior distributions and the model parameters. A Gibbs sampling algorithm based on the Markov chain Monte Carlo (MCMC) approach was used to find posterior densities of the parameters. Having compared different nonnormal flexible modeling, the Akaike information criterion (AIC) was used for the comparison among the selected nonnormal flexible models. Accordingly, models with lower AIC values were selected.

The data were analyzed using the Statistical Package for the Social Sciences version 20.0 (SPSS, Inc., Chicago, IL, USA) and OpenBUGS 3.2.2, an open source computer program for the Bayesian analysis of complex statistical models using MCMC approaches. The classical statistical analysis was performed with a two-sided alpha level of 0.05. Based on the Bayesian analysis of modeling count data, the significance of variables was determined using the 2.5^th^ and the 97.5^th^ percentile of marginal posterior distribution or 95% high posterior density (HPD) regions for parameters in the Bayesian model.

Normality is one of the important preassumptions checked in linear regression. Diagnostic plots, not shown here, revealed that Student\'s *t*-test and Laplace distributions, as two suitable heavy-tailed distributions, had better fitting on the data. Posterior distributions of the parameters were estimated using the OpenBUGS software. For the fundamental models, 7000 iterations were discarded as burn-in sample to eliminate the impact of starting values and then 1000 iterations were followed to obtain Bayes estimates (posterior means and SDs) of the regression coefficients. Visual assessment of the Markov chain for all parameters was used for convergence assessing. Monte Carlo errors and trace plots of the model parameters were also checked. As a rule of thumb, ratios of the Monte Carlo errors relative to the respective SDs of the estimates should be \<0.05.

Definition of categorical variables {#sec2-2}
-----------------------------------

Body mass index was classified as underweight (\<19.5 kg/m^2^), normal (18.5--24.9 kg/m^2^), overweight (24.9--29.9 kg/m^2^), and obese (30 kg/m^2^). The monthly income of family was categorized into three groups as low (lower than 5 million Iranian Rial (IRR), middle (Between 5--10 million IRR), and high (more than 10 million IRR). Based on Iranian educational system, maternal education was categorized as low (0--5 years), intermediate (6--12 years), and high education (more 12 years). Physical activity measured in MET-hours of each activity multiplied by the duration of the activity in the day was categorized into three following classes: low, (0--10) middle (10--15), and high (15--21). The pregnancy outcome including preeclampsia, premature rupture of membranes (PROM) before the onset of labor, and preterm PROM (PPROM) before completion or the 37^th^ week of pregnancy were considered as binary variables: positive (Yes) and negative (No). Prematurity was categorized into (i) birth after 37 weeks and (ii) birth before 37 weeks, and finally, the infant gender was classified as (i) male and (ii) female.

RESULTS {#sec1-3}
=======

A number of 526 pregnant women participated in this study. There were not significant differences in the average maternal age, weight, the number of pregnancies, and family for normal and LBW groups \[[Table 1](#T1){ref-type="table"}\]. The average infant birth weight was 3.16 kg with SD of 0.44 kg. The incidence of LBW was 5.9% (31). Birth outcomes and maternal characteristics during prepregnancy were presented in Tables [2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}. The descriptive statistics showed that the incidence of LBW for girls (6.8%) was higher than that of boys (4.9%). As shown in [Table 2](#T2){ref-type="table"}, there was a significant association between preeclampsia, PROM and prematurity status of infants, and the incidence of LBW (*P* \< 0.05). There were significant differences between LBW and normal groups based on the following maternal characteristics during pregnancy categorical variables: physical activity hours and monthly (*P* \< 0.05) \[[Table 3](#T3){ref-type="table"}\].

###### 

Quantitative characteristics of the study participants by birth weight groups based on the mean±standard deviation
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###### 

Study participants' birth outcomes by the n (%), totally and in low birth weight group
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###### 

Basic maternal characteristics during prepregnancy by the *n* (%), totally and in low birth weight group
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For heavy-tailed distribution model selection, the results of AIC revealed that the t-model (AIC = 29614) had better fitting to the data than the Laplace model (AIC = 30,362). Results of the Gibbs sampling for the t-model were presented in [Table 4](#T4){ref-type="table"} based on 95% HPD.

###### 

Estimates of posterior mean, standard deviation, Monte Carlo error, and 90% credible intervals for determining the effect of different independent variables on birth infant weight according to the *t*-model

![](JRMS-22-107-g004)

According to the regression coefficients, there was strong positive correlation between infant birth weight and the intake of the following macro- and micro-nutrients intake containing: vitamin C (posterior mean = 11.71), folic acid (posterior mean = 13.51), Vitamin B3 (posterior mean = 7.22), Vitamin A (posterior mean = 15.16), selenium (posterior mean = 8.74), calcium (posterior mean = 16.31), iron (posterior mean = 6.62), phosphorus (posterior mean = 16.59), potassium (posterior mean = 19.24), magnesium (posterior mean = 12.91), fiber (posterior mean = 7.19), and protein (posterior mean = 10.95). Except the type of the delivery, there were no significant differences between other maternal characteristics variables and birth weight.

DISCUSSION {#sec1-4}
==========

We found that the average protein intake during pregnancy in pregnant women was significantly related to neonate\'s birth weight \[[Table 4](#T4){ref-type="table"}\]. However, the controversial results were obtained in the literature about the effect of protein on LBW. Kathleen and DroraQuting mentioned that the association between protein intake and birth outcomes was unlikely to be found in well-nourished populations, especially if diet was assessed in the second trimester or later and was not evaluated for type or quality of protein intake.\[[@ref15]\]

Moreover, maternal fiber intake was significantly related with birth weight in our study \[[Table 4](#T4){ref-type="table"}\]. Bang and Lee showed that fiber intake was significantly higher in pregnant women whose neonates were in the high birth weight group, which is in agreement with our findings.\[[@ref16]\]

Another results obtained in this study were that higher calcium and phosphorous received in mothers resulted in babies with more weight in compared to others \[[Table 4](#T4){ref-type="table"}\]. Calcium and phosphorous are the most important elements of the primary bone forming minerals. At birth, an infant contains approximately 20--30 g calcium and 16 gr phosphorus, of which approximately 98% and 80%, respectively, are in the skeleton.\[[@ref17]\]

It has been hypothesized in the literature that the effect of dairy products on fetal bone and femur length was due primarily to calcium consumption. However, this effect may also be partially attributed to other nutrients in dairy, such as phosphorus, magnesium, zinc, and Vitamin D. In agreement with our finding, Bang and Lee showed that the phosphorus intake was significantly higher in the high birth weight group.\[[@ref16]\]

In the current study, a significant difference was found between the mean of manganese intake during pregnancy and newborn weight. We were not able to find any manuscript in the literature indicating the association between manganese intake and birth weight, as confirmed in Abu-Saad and Fraser study.\[[@ref18]\] However, it was shown that lower maternal blood manganese is associated with fetal intrauterine growth retardation and lower birth weight.\[[@ref19]\]

Our findings showed that mothers who received higher amount of iron intake had larger babies. Baker *et al*. found that the risk of small for gestational age birth was also higher for participants with low iron intake but not when intake included iron from supplements.\[[@ref20]\] In agreement with our findings, Bony and Lee showed that iron intake was significantly higher in the high birth weight group in comparison with the LBW group.\[[@ref16]\]

We also showed that average selenium intake during pregnancy was positively related to birth weight. It was shown that selenium is involved in maintaining normal glucose uptake, regulating cellular glucose consumption, and decreasing the severity of insulin resistance and therefore has a biological function similar to that of insulin.\[[@ref21]\] It might explain the role of selenium in fetal growth. Bo *et al*. reported a significant inverse association between dietary intakes and serum levels of selenium with gestational hyperglycemia.\[[@ref22]\]

Another result obtained in this study was that lower potassium intake in mothers ended up with smaller neonates. The relationship between maternal intake of potassium and total body area-adjusted bone mineral content (BMC), spinal BMC, and bone mineral density (BMD) affect body weight. Researchers also revealed that maternal potassium intake was significantly related to birth weight.\[[@ref23]\] Furthermore, it was found that birth weight was positively associated with BMC and BMD, in large parts due to the strong relationship between birth weight and body size.

Our results showed that folic acid, Vitamins A, B~3~, and C were significantly related to birth weight. In a meta-analysis, Fekete *et al*. demonstrated significant dose--response relationship between folate intake and birth weight.\[[@ref24]\] Another study showed that the folic acid intake of the high birth weight group was significantly higher than that of the LBW group.\[[@ref16]\]

It was shown in the literature that thiamin (Vitamin B~1~), riboflavin (B~2~), and niacin (B~3~) are essential cofactors for energy metabolism. Their deficiency in pregnancy might result in marked metabolic effects in mothers and impaired fetal growth.\[[@ref25]\]

In our study, Bayesian modeling was used to identify significant factors affecting LBW. Bayesian inference has a decision-theoretic foundation.\[[@ref26][@ref27]\] The purpose of most of statistical inference is to facilitate decision-making, and the optimal decision is the Bayesian decision.\[[@ref27]\] Furthermore, Bayesian inference through MCMC that was used in our study is unbiased with respect to sample size. However, Bayesian modeling often comes with a high computational cost, and it requires skills to translate subjective prior beliefs into a mathematically formulated prior.\[[@ref28]\] Our future work will be focused on designing the causal network for the identification of causal LBW mechanisms.

CONCLUSION {#sec1-5}
==========

Higher maternal macro- and micro-nutrient intake during pregnancy was associated with a lower risk of delivering LBW infants. These findings support recommendations to expand intake of nutrients during pregnancy to high level.
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